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In mammalian skin, stem cell factor (SCF) regulates the
proliferation and maturation of mast cells and melano-
cytes, which are thought to be the only cutaneous cells
that express the Kit-tyrosine kinase receptor (Kit) and
respond to epithelial and mesenchymal-derived SCF.
We previously had noted, however, the presence of
Kitþ cells in murine hair follicles, in an introepithelial
tissue compartiment devoid of melanocytes and mast
cells. Here we have identi¢ed the nature of this Kitþ
population of cells in hair follicles of C57BL/6 mice.
Anagen hair follicles showed strong Kit immunoreac-
tivity not only in the pigmentary unit above the follicu-
lar dermal papilla but also in a much more proximally
located, homogenous group of nondendritic, nonmela-
nized cells. By immunohistochemistry (desmoplakinþ /
Trp-1^) and electron microscopy (presence of tono¢la-
ments, desmosomes, lack of melanosomes), these Kitþ
cells were shown to be hair matrix keratinocytes and
were also found in melanocyte-de¢cient hair follicles
(KitSl/KitSl^d mice, Kit-neutralizing antibody-treated
C57BL/6 mice). Expression of Kit and SCF was strongly
hair-cycle-dependent, suggesting a functional role of
epithelial Kit expression in hair growth control. This
was supported by the observation that mice unable to
respond to SCF stimulation (KitW/KitW^v) showed a sig-
ni¢cant retardation of anagen development compared
to their wild-type littermates. The expression of Kit in
the most rapidly proliferating compartment of the hair
follicle epithelium suggests intriguing, as yet unex-
plored new functions of Kit signaling in epithelial cell
biology. Keywords: epithelial cell biology/SCF/hair cycling/
C57BL/6 mouse/Kit-neutralizing antibody. J Invest Derma-
tol 121:976 ^984, 2003
I
t is widely believed that the cutaneous expression of Kit,
the receptor for stem cell factor (SCF, also known as mast
cell growth factor), is restricted to mast cells and melano-
cytes (Lammie et al, 1994). Consequently, in mammalian
skin, SCF is generally thought to be an important regulator
of melanocyte and mast cell survival, migration, and proliferation
(Yoshida et al, 1996; Costa et al, 1996; Ho et al, 1999; Botchkareva
et al, 2001) (http//:www.jax.org). While studying the potential
role of mast cells and melanocytes in the regulation of hair
growth (cf. Slominski and Paus, 1993; Slominski et al, 1993; Paus
et al, 1994b; Maurer et al, 1995; Botchkareva et al, 2001; Peters et al,
2002), however, we noted that the proximal epithelial bulb of
murine anagen hair follicles displayed strong Kit immunoreactiv-
ity (IR) in a region thought to be populated only by rapidly pro-
liferating, relatively undi¡erentiated keratinocytes (Botchkareva
et al, 2001; Peters et al, 2002). Indeed, there is increasing evidence
that in addition to bone-marrow-derived cells and cells of neu-
roectodermal origin some normal but mostly neoplastic epithe-
lial cell populations express Kit in vivo. Cell types in which
Kit-IR has been identi¢ed include glandular epithelial cells of breast,
parotid, dermal sweat, and esophageal glands, as well as breast,
salivary gland, colorectal, prostate, synovial sarcoma, and cervical
carcinoma epithelia (e.g., Lammie et al, 1994; Costa et al, 1996;
Bellone et al, 1997; Hines et al, 1999; Simak et al, 2000; Elmore
et al, 2001).
This prompted us to ask whether the cellular targets of SCF regu-
lation in mammalian skin are less restricted than commonly
thought and whether SCF could exert regulatory functions in
epithelial biology. To explore this novel hypothesis, we assessed
Kit-IR and SCF-IR in normal murine skin during various de¢ned
stages of the cyclic growth and regression of adolescent murine
hair follicles, using the well-established C57BL/6 mouse model
for hair research (cf. Stenn and Paus, 2001; Peters et al, 2002).
This model allows one to study SCF/Kit expression in a phy-
siologic, developmentally regulated epithelial^mesenchymal^
neuroectodermal system that is cyclically remodeled throughout
the life span of the animal (Slominski and Paus, 1993; Stenn and
Paus, 2001). The C57BL/6 mouse model employed here is ideally
suited for determining the exact contributions of SCF to the
control of hair follicle cycling and as a model for the role of
SCF in epithelial organ remodeling. The hair follicle undergoes
rhythmic transformations from a highly proliferative growth
phase (anagen), during which a pigmented hair shaft is generated,
followed by a short phase of rapid involution involving terminal
di¡erentiation and apoptosis of epithelial follicle cells (catagen),
followed by a resting stage (telogen) until anagen is induced
again.
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We performed an immunohistochemical analysis, using stan-
dard markers for epithelial cells or melanocytes to identify Kit-
expressing cells in melanocyte-de¢cient mouse skin (KitSl/KitSl^d
and C57BL/6 mice after treatment with Kit-neutralizing anti-
body) and transmission electron microscopy of selected Kitþ
intrafollicular epithelial tissue compartments. In addition, expres-
sion of Kit and SCF mRNA and amount of SCF protein
in mouse skin homogenates were characterized by RT-PCR and
western blotting. Finally, hair cycle dynamics were compared in
normal Kit- and SCF-expressing mice with Kit-de¢cient mice
(KitW/KitWv^/^).
In this report we establish a potential role for SCF in mamma-
lian epithelial biology. Understanding the role of SCF signaling
in the growth regulation will extend our understanding of SCF
biologic functions beyond the role of SCF regulation of cuta-
neous mast cell and melanocyte functions.
MATERIALS AND METHODS
Institutional approval was obtained for the animal experiments
performed. Animals, depilation-induced hair cycling, and tissue
collection Female C57BL/6 mice were purchased from Charles River
(Sulzfeld, Germany) and housed under standard conditions, and active
hair growth was induced as previously described (Paus et al, 1998).
Animals were euthanized by cervical dislocation at all key stages of the
induced hair cycle, and back skin was processed for immunohisto-
chemistry using a special technique to obtain longitudinal cryosections
through the hair follicles (Paus et al, 1998; Mˇller-R˛ver et al, 2001).
Immunohistochemistry To study the cutaneous expression of Kit and
SCF, cryostat sections (7 mm) were stained for Kit- and SCF-IR for light or
immuno£uorescence microscopy using the antibodies and techniques
listed in Table I. Staining for light microscopy was performed according
to our previously published protocols (cf Eichmˇller et al, 1996; Paus et al,
1998) employing the ABC technique (Vectastain Elite-Kit, Vector,
Burlingame, CA). For immuno£uorescence staining, tyramide ampli-
¢cation was performed after incubation with the primary antibodies
according to the manufacturer’s instructions (Renaissance TSAFM-Direct
[Red], NENTM Life Science Products, Boston, MA). Sections were
incubated with DAPI to counterstain cell nuclei (Mecklenburg et al,
2000).
Double staining for Kit and desmoplakin was performed by combining
an APAAP staining for Kit (1:100) using Fast Blue (Sigma-Aldrich,
Taufkirchen, Germany) as the chromogen and ABC staining for Desmo-
plakin (1:10) using the preincubation of primary and secondary antibody
method (Eichmˇller et al, 1996) and AEC (DAKO Corporation, Carpinteria,
CA) as the chromogen.
Double staining for Kit and tyrosinase-related protein 1 (Trp-1; see
Table I) was perfomed by combining the tyramide ampli¢cation protocol
for Kit (see above) with a standard immuno£uorescence staining protocol
using £uorescein isothiocyanate-conjugated F(ab)2 fragments of goat anti-
rabbit IgG (Jackson Immunoresearch, West Grove, PA) as the secondary
antibody toTrp-1. (Peters et al, 2001).
Negative controls were as follows: slides were incubated with the
secondary antibody alone and slides were incubated with rabbit/rat IgG as
primary antibody. As positive controls, cryostat sections of whole-mount
mouse fetuses were used containing brain, spinal cord, bone marrow, and
gut. Negative controls incubated with the secondary antibody alone or
with nonspeci¢c IgG did not reveal speci¢c IR comparable with any
of the applied antibodies but only background staining similar to
background of the test slides.
For simpli¢cation under Results and Discussion, the use of antibody
abbreviation in expressions like ‘‘Kit-IR’’ implies labeling with the
antibody to that antigen in recognition that an antibody could possibly be
cross-reacting with some other antigen.
Qualitative histomorphometry Sections were examined using a Zeiss
Axioscope microscope. The appearance of IR cells in de¢ned areas such as
the epidermis, the dermis, the subcutis, the outer root sheath, the
pigmentary unit, and the most proximal hair bulb was assessed as
previously described (Peters et al, 2002). For each stage of hair follicle
cycling, at least 20 hair follicles per mouse of ¢ve di¡erent mice were
studied (i.e., more than 100 microscopic ¢elds were studied for each
immunohistochemical reaction and time point). The results were also
recorded qualitatively in schematized recording protocols. These recording
protocols consisted of a schematic representation of the hair follicle during
all stages of the hair cycle (see ¢gures) and were used to document
immunoreactivity patterns of at least 10 consecutive hair follicles per stage
and staining. Topographical description of the IR-cell locations follow the
hair cycle guide (cf. Mˇller-R˛ver et al, 2001) referring to cell populations
nearer the core of the bodyclose to the panniculus carnosusas
‘‘proximal’’ and to cell populations farther away from the core of the
bodyclose to the epidermisas ‘‘distal.’’
Electron microscopy Skin specimens (11 mm) were ¢xed for 4 h at
41C in sodium cacodylate bu¡ered 3% glutaraldehyde, post-¢xed in
osmium tetroxide, washed in bu¡er, dehydrated in graded ethanols, and
embedded in Epon, and ultrathin sections were stained on grids with
uranyl acetate and lead citrate. Selected epithelial follicle compartments
with the strongest light microscopic Kit-IR (i.e., the telogen hair germ
and the proximal anagen hair bulb) were screened by transmission
electron microscopy for the presence of cells with ultrastructural markers
of melanocytes or their melanogenically inactive precursors (Tobin et al,
1998, 1999). These included premelanosomes (stages 1^3), mature melano-
somes (stage 4), the absence of keratinocyte-speci¢c tono¢laments and
desmosomes, and the presence of clear cytoplasm with extensive Golgi
complexes. Melanocytes and melanoblasts were further distinguished
Table I. Primary antibodies employed
Name of antigen Abbreviation Characterization of antigen Technique employed Dilution Source
Desmoplakin D Iþ II Mouse, anti-bovine,
monoclonal
ABC tube method for
double labeling with c-Kit
1:10 Boehringer Mannheim
(Roche Diagnostics,
http://www.roche.com/diagnostics),
Mannheim, Germany
SCF receptor c-Kit/CD 117 Rat, anti-mouse, polyclonal ABC 1:200 PharMingen, San Diego, CA
APAPP for double labeling 1:100
with desmoplakin
Tyramide ampli¢cation 1:1000
SCF receptor ACK45 Rat, anti-mouse, monoclonal sc injection in vivo 6 mg/kg
body wt
PharMingen, San Diego, CA
Stem cell factor SCF Rabbit anti-mouse, polyclonal ABC 1:20 Genzyme, Cambridge, MA
Stem cell factor SCF Rat anti-mouse recombinant Tyramide-ampli¢cation 1:1000 R&D Systems Inc.,
Minneapolis, MN
SCF monoclonal
Tyrosinase-related
protein 1
Trp-1
(a-PEP 1)
Rabbit polyclonal antiserum
against a synthetic peptide
that corresponds to the carboxyl
terminus of the murine brown
locus- encoded protein
Standard immuno£uorescence 1:500 Gift of Dr.V.J. Hearing
(Jimenez et al, 1988)
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from immature undi¡erentiated keratinocytes by the presence of inter-
cellular junctions in the latter (Tobin et al, 1998, 1999).
Semiquantitative RT-PCR Hair-cycle-dependent di¡erences in the
cutaneous expression of the SCF were assessed semiquantitatively by RT-
PCR, using GAPDH and b-actin transcription as standards (Grabbe et al,
1996). Back skin was pulverized with liquid nitrogen and lyzed with 3 M
lithium chloride and 6 M urea, centrifuged at 20,000 rpm (3000g) for 60
min, and extracted with phenol^chloroform. cDNA was synthesized by
reverse transcription of 5 mL of total RNA, using a cDNA synthesis kit
(InVitrogen, Karlsruhe, Germany). The following sets of oligonucleo-
tide primers were used to amplify Kit cDNA: 50GGAGATAAATG
GAAACAATTATGT30 and 50CTTCCTTGATCTTGTAGAACTT30, 971
bp (Tono et al, 1992), SCF; and 50CCCATTCTGTCTCAAGTGAC and
50TAATGAATACAGAGTGCCCG, 980 bp (Wiles et al, 1992), b-actin.
Ampli¢cation was performed using Taq polymerase (Gibco, Karlsruhe,
Germany) over 35 cycles with an automated thermal cycler (Perkin
Elmer, K˛ln, Germany). Each cycle consisted of the following steps:
denaturation at 941C, annealing at 551C, and extension at 721C for 1 min
each. PCR products were analyzed by agarose gel electrophoresis and
enzymatic digestion using standard techniques.
Western blotting Hair-cycle-dependent di¡erences in the cutaneous
expression of the SCF protein were assessed by western blotting. SDS^
PAGE was carried out according to the protocol of Laemmli, 1970. The
gel contained 12% acrylamide, and the sample bu¡er 5% b-mercapto-
ethanol (Sigma-Aldrich). The protein was transferred to nitrocellulose
membranes (Schleicher & Schluell, Dassel, Germany) by semidry
electroblotting, stained with antibodies to SCF (Genzyme, Cambridge,
UK), and detected by an enhanced chemiluminescence kit (Amersham
Pharmacia Biotech, Buckinghamshire, UK) (Laemmli, 1970).
Pharmacologic experiments To assess whether rapidly proliferating
epithelial cells in the matrix of the proximal anagen hair bulb express
Kit-IR, ¢ve mice with all back skin follicles in depilation-induced anagen
VI were injected with 0.1mg of colchicine 3 h before euthanization of mice
and skin harvesting (Kallio et al, 1995). This treatment arrests cells in the M
phase of the cell-cycle and allows detection of mitotic spindles.
To prove the presence of Kit-IR on bulbar keratinocytes, we treated
C57BL/6 mice subcutaneously with 6 mg/kg Kit-neutralizing antibody
(for details see Table I). Skin of three test mice and three control mice
treated with vehicle only was harvested on day 7 after depilation for
immunohistochemical analysis as described above.
Transgenic mice To study the expression of Kit in mice de¢cient in
cutaneous melanocytes, we employed KitSl/KitSl-d mice (mice provided by
J.p. Sundberg, Jackson Laboratory, Bar Harbor, ME).These mice are sterile,
severely anemic, and black-eyed white owing to an intragenic deletion in
SCF genomic sequences (Brannan et al, 1991; Steel et al, 1992). As a
consequence of this deletion, Sl-d is only capable of encoding a soluble
truncated SCF that lacks both transmembrane and cytoplasmic domains
but is expressed and functional at approximately wild-type levels of soluble
wild-type SCF. This lack of membrane-bound SCF leads to malmigra-
tion of melanoblasts during embryogenesis. Melanoblasts develop nor-
mally but do not migrate to the skin. In contrast, cells not dependent on
membrane-bound SCF such as mast cells develop and migrate normally
and Kit expression is not altered (Motro et al, 1991).
To study the e¡ects of disrupted SCF/Kit signaling on de¢ned epithelial
functions, the speed and quality of anagen hair follicle development after
anagen induction by depilation was compared between WBB6F1-KitW/
KitW^v (KitW/KitW^v) mice (Cable et al, 1995) and the congenic normal
WBB6F1-þ /þ (Kitþ /þ ) littermates (Bernstein et al, 1990). These mice
lack a functional Kit receptor owing to a point mutation in the sequence
encoding the tyrosine kinase domain.Therefore, all Kit-expressing cells are
incapable of transducing the SCF signal. Anagen development was assessed
in 15 KitW/KitW^v and 18 Kitþ /þ mice, respectively, by standard com-
parative histomorphometry of skin sections obtained sequentially from
days 1^18 after anagen induction by depilation, employing accepted
histologic criteria of classifying the stages of anagen development (anagen
I^VI according to Chase, 1954; Paus et al, 1994a; Mˇller-R˛ver et al, 2001).
RESULTS
Anagen hair follicles contain Kit-IR epithelial cells in the
proximal hair bulb After anagen induction by depilation in
C57BL/6 mice (Fig 1a), anagen VI hair follicles showed strong
Kit-IR not only in the pigmentary unit above the follicular
dermal papilla 7 d after depilation, but also in a much more
proximally located, homogene group of nondendritic, non-
melanized cells (Fig 1b). By double-labeling immunohisto-
chemistry of Kit with Trp-1, Kit colocalized with the
melanocyte marker distal of the critical level de¢ned by Auber
(1952) to divide the hair bulb into a region of high proliferation
(proximal or below this level) and a region of low proliferation
(distal or above this level). Throughout this article, this level will
be referred to as ‘‘Auber’s line’’ (Fig 1c).This cell compartment was
so densely packed with melanin granules that detection of Kit
was only possible by immuno£uorescent labeling. In contrast,
proximal of Auber’s line Kit colocalized with the epithelial cell
marker desmoplakin (Fig 1d). This ¢nding emphasizes the
epithelial character of the proximally located Kitþ cell group
versus the melanocytic nature of the distally located Kitþ cell
group. To further prove the epithelial nature of the Kitþ cell
population proximal to Auber’s line, skin of mice de¢cient in
di¡erentiated melanocytes in the anagen bulb after treatment
with a Kit-neutralizing antibody throughout anagen develop-
ment (Fig 1e) (Botchkareva et al, 2001) and melanocyte-de¢cient
mice (KitS1/KitS1^d) (Brannan et al, 1991; Steel et al, 1992) were
employed. In both cases, Kitþ /Trp-1^ cells could be detected
below Auber’s line. As expected, there were no Kitþ cells
identi¢ed above Auber’s line (compare Fig 1f,g,h to Fig 1b,c).
Finally, we employed transmission electron microscopic
analysis of the area in which Kitþ cells were identi¢ed to
examine the ultrastructural characteristics of the cells (i.e.,
proximal anagen hair bulb of C57BL/6 mice). Electron
micrographs revealed that cells with ultrastructural characteri-
stics of melanocytes or their precursors (e.g., melanosomes or
premelanosomes) were virtually absent around the dermal
papilla below Auber’s line. Instead, many immature epithelial
cells with sparse tono¢laments and desmosomes were detected
in this region (Fig 2).
Some Kitþ cells in the proximal hair matrix are
mitotically active Because the Kitþ cells seen in the most
proximal anagen hair bulb are located in the epithelial follicle
compartment that displays the maximal proliferative activity of
all follicle keratinocytes (Gunin et al, 1996), these Kitþ cells
might represent a particularly rapidly proliferating subpo-
pulation of follicle keratinocytes. Therefore, we next correlated
Kit expression of these selected hair matrix cells with pro-
liferative activity. Anagen VI mice skin treated with colchicine
to induce arrest of cell cycling in midmitosis were stained with
Kit antibody (Malawista, 1971). Individual Kit-IR cells with
epithelial phenotypes were identi¢ed in the proximal hair
matrix undergoing mitosis (Fig 2), a characteristic feature of
hair matrix keratinocytes during anagen (Magerl et al, 2001).
Kit-IR changes during the hair cycle The cyclic growth and
regression activity of mature terminal hair follicles of C57BL/6
mice in various stages of the depilation-induced hair cycle was
associated with substantial changes in Kit-IR. In telogen
follicles, small clusters of Kitþ cells are present in the telogen
hair germ, just above the dermal papilla (Fig 3). During
the construction of a new, melanogenically active hair bulb
(anagen), individual Kitþ cells are seen in the outer root sheath
and hair matrix. By anagen VI, numerous strongly Kit-IR cells
are present above and around the dermal papilla, where the
melanogenically active melanocytes of the pigmentary unit
reside and distribute their pigment to the hair shaft forming
keratinocytes above (Fig 3), and in the most rapidly proliferating
epithelial compartment of the hair follicle (proximal hair matrix).
These ¢ndings are summarized in a schematic drawing showing
the distribution of Kit-IR cells inside the follicle epithelium of
C57BL/6 mice.
The described distribution pattern of Kit-IR was also seen
in murine anagen hair follicles that had been induced by
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Figure1. Kit-IR cells belowAuber’s line colocalize with desmoplakin but not Trp-1 and persist in the absence of melanocytes. (a) Mouse back
skin of C57BL/6 mice appears black 7 d after anagen induction by depilation. This indicates the onset of follicular melanin production in pigmentary unit,
because mice lack truncal epidermal melanocytes. (b) An anagenVI hair bulb stained for Kit for light microscopy displays Kit-IR cells arranged in a cobble-
stone-like pattern to both sides of the dermal papilla belowAuber’s line (red). Nuclei are counterstained with hematoxylin (blue). Note the black pigment in
the pigmentary unit above Auber’s line and the single layer of Kit^ cells separating it from the Kitþ cell group belowAuber’s line. (c) Immuno£uorescence
double staining withTrp-1 (green) reveals the presence of two Kit-IR (red) cell populations in the hair bulb: Kitþ /Trp-1þ melanocytes above Auber’s line
(orange-yellow label, arrow) and Kitþ /Trp-1^ nonmelanocytes below Auber’s line. Cell nuclei are counterstained with DAPI (blue). (d) Light microscopy
double staining of Kit (blue) with Desmoplakin (red, red arrow) reveals double labeling with the epithelial cell marker in Kitþ cells below Auber’s line
(purple, purple arrows). (e) C57BL/6 mice treated with Kit-neutralizing antibody on days 1, 3, and 5 after depilation grew white hair follicles in their back skin
as evidenced by the pink skin color in comparison to the black-blue skin color of the control mice in (a) 7 d after depilation. (f) No Kit-IR cells can be
detected in the normally melanocyte-containing hair follicle compartment above the dermal papilla in a Kit-neutralizing antibody treated anagen hair bulb
(arrow). Kit-IR is still detectable in the proximal hair bulb below Auber’s line, however (red staining). Nuclei were counterstained with hematoxylin. (g)
Immuno£uorescence double staining with Trp-1 (green) reveals the absence of Kitþ /Trp-1þ melanocytes above Auber’s line (missing orange-yellow label
compared to c, arrow) in an anagenVI hair follicle from a mouse treated with Kit-neutralizing antibody. Kitþ cells are still present, however, belowAuber’s
line (red). Cell nuclei are counterstained with DAPI (blue). (h) AnagenVI hair bulbs derived from the back skin of an KitSl/KitSl^d mouse stain Kitþ in a
cobble-stone-like pattern belowAuber’s line but display no Kitþ cells above Auber’s line normally containing Kitþ melanocytes in mice with a function-
ing pigmentary unit. Nuclei were counterstained with hematoxylin.
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cyclosporine (a potent immunosuppressant and anagen inductor)
injection (Paus et al, 1989, 1998). Staining patterns of depilation-
induced anagen follicles looked identical to spontaneously
developed anagen hair follicles, we can exclude trauma as the
cause of bulbar Kit expression in anagen hair follicles.
While analyzing follicular Kit expression, interfollicular
epidermis was also analyzed and we found no Kit expression
throughout the more than 100 microscopic ¢elds analyzed. Kit
expression in the adult mouse back skin is thus restricted to the
hair follicle and dermal mast cells. This ¢nding is in contrast to
the intraepidermal Kitþ cells detectable in neonatal epidermis
(Peters et al, 2002). Kitþ cells in neonatal epidermis, however,
represent melanocytes migrating into the developing hair
follicles, a process completed in the adult animal.
SCF expression during the murine hair cycle By immuno-
histology SCF-IR could only be detected in anagenVI hair bulbs
(not shown), owing to the rather low sensitivity of this method.
The more sensitive tyramide ampli¢cation detection method
revealed weak ubiquitous IR for SCF throughout all stages of
the hair cycle, whereas the strongest staining was found in the
hair bulbs of anagen VI hair follicles (Fig 4). All of the above
data on Kit and SCF expression during the depilation induced
hair cycle were con¢rmed by RT-PCR as well as western
blotting of whole skin homogenates from various stages of the
hair cycle (Fig 4).
Normal anagen progression in KitW/KitW^v mice requires
SCF Functional relevance of the above observations was
supported by the ¢nding that mice unable to respond to SCF
(KitW/KitW^v) showed a signi¢cant retardation of induced anagen
development, compared to their wild-type littermates. By
quantitive histomorphometry, adolescent Kit^ KitW/KitW^v mice
show a discrete, but signi¢cant, retardation of depilation-
induced anagen hair follicle development compared to þ /þ
littermates (Fig 5).
In mice treated with three subcutaneous injections of Kit-
neutralizing antibody during the early stages of anagen
development (days 1, 3, and 5 after depilation, early anagen
development, when the pigmentary unit is settling into the hair
bulb and beginning to di¡erentiate), we could not detect any
e¡ect on hair cycle progression, whereas striking e¡ects on hair
follicle pigmentation were achieved (Fig 1). There was no
signi¢cant di¡erence between test and control mice in hair cycle
scoring (not shown) or TUNEL/Ki67 expression analysis of hair
follicles harvested day 7 after depilation (not shown).
DISCUSSION
This study provides evidence for a role for SCF in mammalian
epithelial cell biology that goes beyond the known role of SCF
in the regulation of mast cells, melanocytes, gametogenesis, or
hematopoiesis. Speci¢cally, the tightly choreographed, hair-
cycle-dependent expression of Kit and SCF in normal murine
skin demonstrated here in vivo provides evidence that SCF plays
a heretofore unappreciated role not only in hair follicle pigmenta-
tion (Botchkareva et al, 2001) but also in the regulation of mature
Figure 2. Evaluation of the Kit-IR hair bulb compartment: melanocytes are not present and proliferation is frequent. (a) Low-power electron
micrograph of an anagen hair bulb showing cells with glycogen () resting on a basal lamina (arrowhead). The hair shaft is present in the upper center
(magni¢cation, 3750). (b) Higher power shows the presence of well-formed desmosomes (arrows) and abundant glycogen (), as well as mitochondria (M;
magni¢cation, 27,000). (c) The cells exhibit other features of epithelial cells such as the presence of ¢laments (arrowheads) with the appearance of tono¢la-
ments (magni¢cation, 97,000). (d) Low-power electron micrograph of a telogen bulb shows bulbar follicular cells resting on the basal lamina of the hair root
sheath (small arrowheads). A dermal papillae ¢broblast is located at the base of the bulb (large arrowhead), embedded in collagen (C; magni¢cation, 3750). Rare
cells in the bulb contained stage III and IV melanosomes (inset; magni¢cation, 28,000). (e) Higher power shows that the cells resting on the basal lamina
contain tono¢laments (arrowheads) as well as desmosomes (arrows; magni¢cation, 22,500). (f,g) As indicated under Materials and Methods, mice have been
treated with colchicine to stop cell division in midmitosis before processing for immunohistochemistry. This method allows easy detection of cells in
midmitosis by morphologic criteria (e.g., rounded nuclei, condensed chromosomes organized in tow opposing portions). Two anagenVI hair bulbs display
multiple mitotic Kit-IR cells belowAuber’s line (arrows). Nuclei were counterstained with hematoxylin.
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hair follicle cycling. This conclusion is supported by the evidence
of hair cycle modulation in mice de¢cient in SCF/Kit signalling.
Three issues deserve special consideration: 1) the nature of the
Kit-IR cells, 2) the striking restriction of Kit and SCF expression
in murine skin, and 3) the functional signi¢cance of our ¢ndings
for skin and hair biology.
Nature of Kit-expressing cells We provide compelling
evidence that the majority of Kitþ cells in mature anagen hair
follicles of adolescent mice are keratinocytes:
1. By light microscopy, Kit-IR cells belowAuber’s line display an
epithelial phenotype, in contrast to Kitþ cells in neonatal mouse
skin, which display a dendritic phenotype in the earliest stages of
follicle development (Peters et al, 2002).
2. Kit colocalizes with the epithelial cell marker desmoplakin
belowAuber’s line in the mature anagen hair bulb.
3. Kit-IR is present in hair bulbs of mice devoid of melanocytes
in the hair follicles pigmentary unit above Auber’s line (KitS1/
KitS1^d and C57BL/6 mice treated with Kit-neutralizing anti-
body).
4. By electron microscopy, cells in Kit-IR hair follicle locations
belowAuber’s line display an epithelial phenotype.
These ¢ndings support the concept that the majority of Kitþ
cells in adolescent, mature late anagen hair bulbs are of epithelial,
rather than neuroectodermal, origin and suggest that SCF, which
is expressed by Kit-IR cells as well as by surrounding epithelial
and mesenchymal cells, is a functionally important para- and
autocrine regulatory factor for selected epithelial cells in skin.
Restriction of Kit and SCF expression Supporting a
functionally relevant role for SCF/Kit signaling in hair growth
control, normal adult murine skin shows hair-cycle-dependent
Kit and SCF expression patterns in vivo. Kit expression is low in
telogen skin, with Kit-IR in dermal and subcutaneous mast cells
and few weakly IR cells in the telogen hair germ. Later, in early
anagen, Kit-IR localizes predominantly to selected outer root
sheath melanocytes and melanocytes in the developing pig-
mentary unit. Most intriguingly, however, hair matrix keratino-
cytes become Kit-IR only during the later stages of hair follicle
development (Peters et al, 2002). Correspondingly, Kit-mRNA
expression is highest during the growth phase of the hair
cycle and at the onset of catagen development when not only
mast cells and melanocytes but also hair bulb keratinocytes
express Kit.
SCF expression is required for mast cell and melanocyte
maintenance during all stages of the hair cycle (Botchkareva
et al, 2001; Peters et al, 2002). During days 1, 3, and 5, how-
ever, the hair follicle is passing through the early stages of
anagen development, when the pigmentary unit is
newly formed in the hair bulb and melanocytes require SCF
for migration and proliferation (Tobin et al, 1998). This may
account for the high levels of SCF before the onset of this
development in telogen skin allowing for high levels of protein
synthesis and the high expression during the growth phase of the
hair cycle.
Functions of intraepithelial Kit and SCF expression in
the hair follicle It is clear that SCF/Kit signaling plays an
important role in guiding and sustaining the development and
reestablishment of the hair follicle pigmentary unit during hair
Figure 3. Kit- and SCF-IR during the depilation induced hair cycle.The schemes (top rows) summarize the best reproducible Kit (left) and SCF (right)
expression patterns during the hair follicle cycle of C57BL/6 mice. Below representative £uorescence microscopy micrographs are given illustrating the Kit-
and SCF-IR patterns in telogen, anagen III, anagen VI, and catagen III hair bulbs. Arrowheads, IR cells with dendritic morphology. Arrows, IR cell groups
with a cobble-stone-like IR-pattern belowAuber’s line if not otherwise indicated. Note the ¢rst occurrence of such a group in early anagen and the decreas-
ing number of cells in this group in catagen. Nuclei were counterstained with DAPI. dp, dermal papilla; hs, hair shaft; irs, inner root sheath; ors, outer root
sheath; pu, pigmentary unit.
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follicle development and subsequent hair cycles (Tobin et al, 1999;
Botchkareva et al, 2001; Peters et al, 2002).We now demonstrate a
functionally relevant Kit-IR epithelial cell population in the
anagen hair bulb. We also show that the execution of antigen
developmentbut not the onset or terminationis altered in
Kit-de¢cient KitW/KitW^v mice.
During anagen development SCF/Kit signaling plays a central
role in melanocyte maturation migration and di¡erentiation. SCF
expression is low during these hair cycle stages and the
intermittent blockade by neutralizing antibody treatment during
this phase selectively a¡ects the establishment of the pigmentary
unit, but not hair growth. In contrast, the absence of e¡ective
SCF/Kit signaling in KitW/KitW^v mice exerts a mild inhibitory
e¡ect on epithelial cell proliferation during the early growth
phase as suggested by the retarded early anagen progression in
KitW/KitW^v mice. In addition, epithelial proliferation and
di¡erentiation cannot be maintained after establishment of the
hair shaft-producing unit in these mice and the hair follicles
rapidly regress in the absence of e¡ective SCF/Kit signaling
(KitW/KitW^v), while they proceed normally through the hair
cycle, when SCF/Kit signaling is not disturbed during the later
anagen stages.
Epithelial cells below Auber’s line in the mature anagen hair
bulb represent a subpopulation of hair follicle keratinocytes in
rapid proliferation also known as transient amplifying cells
(Stenn and Paus, 2001; Magerl et al, 2001). Accordingly, we were
able to show that indeed a number of Kit-IR epithelial cells
belowAuber’s line do proliferate in high anagen. It is reasonable
to speculate that this cell population consists largely of transient
amplifying cells that depend on SCF/Kit signaling for
proliferation and undergo terminal di¡erentiation or apoptosis
Figure 4. Semiquantitative PCR
analysis of Kit and SCF mRNA
expression during the depilation
induced hair cycle and anti-SCF
western blot analysis of mouse
skin lysates. (a^c) Representative
samples of semiquantitative RT-
PCR (as described in Grabbe et al,
1996) of mouse skin lysates. The ¢g-
ure shows PCR products from de-
¢ned time points after hair cycle
induction by depilation (day 0, telo-
gen, days 1, 3, 8, and 12, anagen I^
VI; days 17^19, catagen I^VIII; day
25, telogen) using speci¢c primers
for b-actin (a) as control, SCF (Wiles
et al, 1992) (b, bottom row), and Kit
(Tono et al, 1992) (c). Each RT-PCR
represents one representative example
of n¼ 3. (b, top row) Western blot ana-
lysis of SCF protein expression in the
supernatant of a mouse ¢broblast cell
line (FIB), skin homogenates day 8
after depilation (anagen V^VI), and
skin homogenates day 18 after depila-
tion (catagen). (d^f) Densitometric
analysis of signal intensity of the
semiquantitative RT-PCR given in a^c.
Figure 5. Anagen development is retarded in Kit-de¢cient mice.
Anagen was induced by depilation in Kit-de¢cient (KitW/KitW^v) mice and
normal congenic Kitþ /þ littermates (6^8 weeks old, female) and anagen
development was assessed by quantitative histomorphometry. Data are
pooled from 15 to 18 mice per genotype tested in three independent experi-
ments and expressed as means7SEM. Statistical signi¢cance of di¡erences:
unpaired Student’s t test, two-tailed (po 0.05, po 0.01, po 0.005).
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when signaling is downregulated during hair follicle regression
(Abrahamson et al, 1995; Sieber-Blum, 1998; Ito et al, 1999).
It is interesting to note that many epithelial tissues appear to
express Kit only when transformed and when they are of low
malignancy (Tsuura et al, 1994; Simak et al, 2000), but not when
tumors progress and become more malignant (Natali et al, 1995;
Hines et al, 1999). This observation lends further support to the
concept that SCF/Kit signaling serves as an epithelial
‘‘maintenance’’ factor possibly upregulated during dedi¡eren-
tiation in the early steps of tumorgenesis, which may be when
proliferate ion is stimulated and apoptosis is suppressed. During
further tumor progression and transition to high malignancy and
metastasis, this expression is lost, and tumor cells become
independent of this growth factor and at the same time of the
negative feedback loops induced by SCF that normally ensure
controlled proliferation (Sieber-Blum, 1998).
CONCLUSION
We here show for the ¢rst time that Kit is expressed by a popula-
tion of cells with epithelial characteristics in the hair bulb, and
that Kit expression is regulated during the remodeling of mature
hair follicles. Our data favor the concept that epithelial Kitþ
cells in anagen hair balls represent rapidly proliferating transient
amplifying keratinocytes, although future work is necessary to
verify this concept. SCF possibly exerts di¡erent regulatory func-
tions during epithelial tissue morphogenesis and during early
anagen versus growth and regression during tissue remodeling.
It remains to be determined by immunoelectron microscopy,
however, whether some Kitþ cells in the telogen hair follicle
represent not only precursors of mature, melanin-producing fol-
licle melanocytes but also of transient amplifying anagen hair
bulb keratinocytes.
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